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Abstract In the Endurance Time (ET) method, structures are subjected to a calibrated intensifying
accelerogram and their performance is assessed based on their response at various equivalent intensity
levels. Application of the ET method in performance-based design of structures has been studied by
introducing a continuous performance target curve, which expresses the limit of the proper seismic
performance of a structure along various times of the ET accelerogram. The correlation between time
in the ET method and the return period for different structural periods is investigated. The procedure is
based on the coincidence of response spectra obtained from the ET accelerogram at different times and
response spectra defined by ASCE41 at different hazard levels. The results show that substitution of the
return period for time in ET analysis and performance curves increases the usefulness of these curves and
can simplify application of the ET method in performance-based design.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Estimating the performance of structures during and after
earthquakes is always an important issue in the design of seis-
mic resisting structures. This has motivated structural engi-
neers to develop a design method that permits the designer to
directly demonstrate that a design is capable of meeting a pre-
scribed performance during and after a specified earthquake. A
promising approach toward the above development was pro-
posed by the SEAOC Vision 2000 Committee in 1995 [1], and is
called ‘‘performance-based earthquake engineering’’.
Performance-based earthquake engineering is a methodol-
ogy in which structural design criteria are expressed in terms
of achieving a set of different performance objectives [2].
Performance objective is a practical notion, which consists of
the specification of a structural performance level (e.g. Collapse
Prevention (CP), Life Safety (LS), or Immediate Occupancy (IO))
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doi:10.1016/j.scient.2012.06.023for a given level of seismic hazard. For example, in accordance
with SAC 2000 [3], ordinary buildings are expected to provide
less than a 2% chance over 50 years of damage of exceeding CP
performance [4].
The Endurance Time (ET) method is a recently introduced
time–history based analysis and design procedure. In the ET
method, buildings are rated according to the time that they
can endure a standard calibrated intensifying accelerogram.
Higher endurance time is to be interpreted as a more suitable
performance [5].
The application of the ET method in performance-based
design was studied by Mirzaee et al. [6]. They introduced a
curve called the ‘‘Target Curve’’, which expresses the limit of the
proper seismic performance of a structure along various seismic
intensities. By comparing the performance curve of a structure
acquired by the ET method with the target curve, the seismic
performance of the structure at different seismic intensities can
be evaluated.
Both stated curves (performance and target) represent
changes in the seismic performance of the structures with time.
It is not common, and can, occasionally, be confusing, to evalu-
ate and express seismic performancewith time. Therefore, sub-
stituting a common parameter (such as PGA, return period or
annual probability of exceedance) for time in the evaluation and
expression of the performance of structures is desirable. In ad-
dition, this can increase the readability of the performance and
evier B.V. Open access under CC BY-NC-ND license.
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ag(t) ground acceleration
ARP matrix of return period
CP collapse prevention
ET endurance time method
Fa site coefficient for SS
FV site coefficient for S1
IO immediate occupancy
LS life safety
MCE maximum considered earthquake
PBSE performance-based seismic engineering
PGA peak ground acceleration
R return period
RT0(t) equivalent return period at time t calculated by
T0 method
RVT0(t) equivalent return period at time t calculated by
VT0 method
S1 long-period spectral response acceleration pa-
rameter
Sa spectral acceleration
SaC (T ) code acceleration response for period T
SaT (T , t) target acceleration response for period T at time
t
Ss short-period spectral response acceleration pa-
rameter
T free vibration period
t time
tTarget target time
λm annual probability of exceedance
σ stress in damper
•
ε strain rate
C0 damping ratio
α damping exponent
target curves. To accomplish this goal, a correlation between
time in ET analysis and the desired parameter should be de-
termined. In this research, the correlation between time in ET
analysis and the return period of ground motion, which is an
important term in the definition of performance objectives, has
been studied. The ETA20jn series of ET accelerograms, which
has been created in such a way that the response spectrum
at t = 10 s is equivalent to the ASCE41 design spectrum for
Tehran, IRAN [7], is used as the basic accelerogram in this study.
2. Endurance time method
The Endurance Time (ET) method is a recently introduced
time–history based analysis and design procedure. In the ET
method, buildings are rated according to their response when
subjected to a predesigned intensifying accelerogram [5]. ET
accelerograms are produced in such a way that the amplitude
of the acceleration is increased with time (Figure 1). Hence, in
this method, each time is representative of a particular seismic
intensity. In other words, if two structures are subjected to an
ET accelerogram, and structure no. 1 endures a longer excitation
time before failing the desired criteria, compared to structure
no. 2, it can be expected that the first structure can endure
higher seismic intensities. The ET accelerogram is created so
that at a predefined time, tTarget , its response spectrum reaches a
pre-specified template response spectrum. For example, three
accelerograms, named ‘‘ETA20jn01-03’’, are created in such aFigure 1: Typical ET accelerogram.
Figure 2: ET performance curves for two steel moment frames.
way that the response spectrum at t = 10 s is compatible
with the ASCE41 design spectrum for Tehran [7]. The duration
of these series of ET accelerograms is 20 s. They also support
nonlinear ranges.
ET accelerograms canhavedifferent intensification schemes.
A linear intensification scheme has been suggested for prelimi-
nary investigations. In this model, the response spectrum of an
ET accelerogram is to intensify proportionallywith time. Conse-
quently, the target acceleration response of an ET accelerogram
is defined in Eq. (1):
SaT (T , t) ≡ SaC (T )× ttTarget , (1)
where SaT (T , t) is the target acceleration response at time t, T
is the period of free vibration and SaC (T ) is the codified design
acceleration spectrum [8]. This formula simply illustrates
the linear proportionality between the acceleration response
produced by the ET accelerogram at a particular time, t , and
the considered template spectrum. It should be considered that
these simplifications are only beingmade in order to synthesize
a preliminary ET acceleration function [5].
The results of the endurance time method are usually in-
terpreted by a curve called ‘‘ET Response Curve’’ or ‘‘ET Perfor-
mance Curve’’. Figure 2 shows the ET response curves for two
steel moment frames. In this figure, the maximum interstory
drift ratio is utilized as a representative of the performance of
the frames.
3. Application of ET method in performance-based design
Performance-Based Seismic Engineering (PBSE) is amethod-
ology, in which structural design criteria are expressed in terms
of achieving a set of different performance objectives [1]. In
fact, the promise of performance-based seismic engineering is
to produce structureswith predictable seismic performance [9].
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The performance objective is a practical notion, which con-
sists of the specification of a structural performance level (e.g.
Collapse Prevention (CP), Life Safety (LS), or Immediate Occu-
pancy (IO)) for a given level of seismic hazard. For example,
according to SAC 2000, ordinary buildings are expected to pro-
vide less than a 2% chance, over 50 years, of damage exceeding
CP performance [4]. A performance objective can include de-
termination of different performance levels for several levels
of seismic hazard. This type of performance objective is called
‘‘dual’’ or ‘‘multiple-level’’. A key parameter in determination of
the performance objective is the return period, since it is pro-
portional to the level of seismicity. The return period is defined
as the average period of time, in years, between the expected
occurrences of an earthquake of specified severity.
Application of the ET method in performance-based design
has been studied by Mirzaee et al. [6]. They introduced a
curve called the ‘‘Target Curve’’, which expresses the limit
of the proper seismic performance of a structure (acceptance
criteria) along various times in ET analysis (note that times
in ET analysis can be interpreted as seismic intensities). By
comparing the ET performance curve with the target curve,
the seismic performance of the structure at different seismic
intensities can be evaluated (See Figure 3). The target curvewas
created by linking each performance level (IO, LS and CP) to
time, using PGA as an intermittent parameter. This procedure
was inclusive of the three following steps:
(1) Using an appropriate Gutenberg–Richter equation to obtain
the magnitude corresponding to the mean return period
related to each of the three performance levels.
(2) Acquiring the peak ground accelerations for the considered
site, based on an attenuation relationship, utilizing the
previously identified magnitudes.
(3) Identifying the equivalent endurance times in ET records,
corresponding to the 3 mentioned PGA. (It means tracing
the times in the ET acceleration function at which the
PGAs exceed the values of the PGAs corresponding to each
performance level.)
This correlation is shown in Table 1. In this table, the rele-
vant interstory drift for each performance level is further indi-
cated [6]. These quantities are for steel moment frames based
on the FEMA-356 Prestandard and Commentary for the Seismic
Rehabilitation of Buildings [10].
4. Correlation between time in ET analysis and return period
Bothperformance and target curves represent the changes in
the seismic performance of the structureswith time. Thismeans
that by utilizing such curves, the seismic performance can beTable 1: Equivalent time corresponding to each performance level.
Performance
level
Probability
of
exceedance
Mean
return
periods
(years)
PGA
(g)
Endurance
time (s)
Interstory
drift (%)
IO 50%/50 year 75 0.22 5.16 0.7
LS 10%/50 year 475 0.35 10.16 3.5
CP 2%/50 year 2475 0.53 15.46 5
evaluated at each time in ET analysis. It is not common and,
occasionally, can be confusing to evaluate and express seismic
performance with time. Therefore, substituting a common
parameter (such as PGA, return period or annual probability
of exceedance) for time in the evaluation and expression of
the performance of the structures is highly important. By this
substitution, the performance and target curves will be more
explicit and their efficiency will be increased. To make such
a substitution, a correlation between ET analysis time and
the stated common parameter should be determined. In this
research, the problem of correlation between the time and the
return period of ground motion has been studied. The ETA20jn
series of ET accelerograms is used as the basic accelerogram
in this investigation. It is noticeable that for present ET
accelerograms, this correlation depends on the fundamental
period of the structure. In otherwords, different structureswith
different fundamental periods will have different ET analysis
times, relevant to a particular return period [11].
To detect such an interrelationship, the response spectrum
has been utilized as an intermittent criterion. The time at which
the response spectrum is matched to the response spectrum
corresponding to a particular hazard level (or return period) is
traced. This procedure can be accomplished by two methods.
One approach is to match the two aforementioned response
spectra at the fundamental period of the structure. The other
approach is to use a range of periods instead of the fundamental
structure period [11]. In this research, bothmethods are applied
and compared with each other.
The response spectrum for a particular hazard level and a
specific site can be obtained using any standard building code.
Herein, the ASCE Standard for Seismic Rehabilitation of Existing
Buildings, known as ASCE-41 [11,12], is considered, and the
spectra are acquired for Tehran. It should be pointed out that
the site is classified as site class C , with Vs30 ≈ 600 m/s, and is
generally similar to the Los Angeles area.
In the definition of the ASCE-41 Standard design response
spectrum, two spectral response acceleration parameters
should be clearly determined, namely, Ss (short-period spectral
response acceleration parameter) and S1 (long-period spectral
response acceleration parameter). These two parameters are
usually obtained by utilizing Maximum Considered Earthquake
(MCE) maps. Since these maps are not available for Tehran at
present, site-specific procedures should be used to obtain these
spectral parameters. In this research, the seismic hazard curves
for SS and S1, obtained by Mirzaee and Estekanchi [7], are used
to develop a formulation for Sa (spectral acceleration) versus
return period; subsequently, the response spectra for different
hazard levels are drawn.
In Figure 4, the seismic hazard curves for SS and S1, for
Tehran, are shown [7]. According to this figure, the relation
between SS and S1 and the annual probability of exceedance
(λm) can be derived as in Eqs. (2) and (3):
Ss = 0.072× λ−0.43m − 0.2674, (2)
S1 = 0.026× λ−0.44m − 0.16. (3)
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Figure 5: The ASCE41 response spectra for Tehran, for various hazard levels.
Considering that the annual probability of exceedance is equal
to the inverse of the return period [13], the ASCE41 response
spectrumcanbe introduced, according to the value of the return
period, as indicated in Eq. (4):
Sa = f (R, T )
=

0.45T (R0.43 − 3.7)2
R0.44 − 6.17 + 0.029(R
0.43 − 3.74)
T < T0
0.072R0.43 − 0.27
T0 < T < TS
0.034R0.44 − 0.21
T
TS < T
(4)
where:
Sa = spectral acceleration,
T = period of free vibration,
R = return period.
TS = R
0.44 − 6.17
2.12R0.43 − 7.90 ,
T0 = 0.2TS = R
0.44 − 6.17
10.6R0.43 − 39.51 .
Therefore, the ASCE41 response spectrum for any hazard level
can be obtained, based on the above equation. In Figure 5, the
response spectra for some hazard levels are illustrated.
Acquiring the inverse of function f (R, T ) given in Eq. (4),
with respect to variable R, the return period can be expressed
as a function of T and Sa (Eq. (5)):
R = h(Sa, T ) = f −R(Sa, T ), (5)where R is the return period, h(Sa, T ) is a function that relates
the return period to Sa and T , and f −R represents the inverse of
function f (given in Eq. (4)), with respect to variable R.
Thus, the values of the return period can be derived from
the values of T and Sa. Since establishment of an explicit
formulation for this function is not straightforward, a matrix
has been developed for the return period, where, for each
period of the structure and each Sa, a particular return period
is specified.
On the other hand, the response spectrum for the ET ac-
celerogram is defined, as indicated in Eq. (6) [8]:
Sa(T , t) = max(|a(τ )|) τ ∈ [0, t], (6)
where T is the period of free vibration, t is time, and a is accel-
eration.
As can be seen from Eqs. (5) and (6), Sa is dependent on T
and t , and the return period has been developed as a function
of T and Sa. Therefore, the return period can be expressed as
a function of T and t , accordingly. As mentioned before, since
expressing the return period via an explicit formulation is a
complex process, this function can be represented by a matrix
called ARP , as shown in Eq. (7). To develop the matrix, ARP ,
the value of Sa is calculated for the intended T and t , using
Eq. (6) (or Eq. (1)). Then, the desired return period can be
calculated utilizing Eq. (5), regarding the values of intended T
and obtained Sa.
ARP
T
.
(7)
Based on the above calculation, the return period can be ob-
tained by either of two techniques:
(1) The T0 method, in which, for each structure with a specific
period of free vibration, the return period is computed at
the fundamental period of the structure.
(2) The VT0 method, in which, for each structure with a specific
period of vibration, the return period is computed as an
average over a vicinity of the fundamental period (0.2–1.5
times the fundamental period is considered). Equivalent
return periods can be expressed by Eqs. (8) and (9) in these
cases, respectively:
RT0(t) = {r |Sa(T0, t) = f (r, T0) } , (8)
RVT0(t) =

r
 1.5T0
0.2T0
Sa(T , t)dT =
 1.5T0
0.2T0
f (r, T )dT

, (9)
where RT0(t) and RVT0(t) are the return periods corresponding
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to time t in each method, and other parameters are as
previously defined. Figure 6 shows the difference between
these two methods, graphically, where the response spectrum
for the return period of 1000 years is depicted and fitted to
the ET response spectra for a structure with the fundamental
period of T0. As illustrated in this figure, if the T0 method is used,
the corresponding time in ET analysis to the return period of
1000 yearswill be 15 s (the intersection is shownby a red cross),
whereas the VT0 method leads to an ET analysis time equal to
about 14 s. Herein, these two methods are employed to relate
the time in ET analysis to the return period, and the results are
compared.
Figure 7 shows the return period versus time for various
values of T , using the two aforementioned methods. As
illustrated in this figure, for the structural periods greater than
about 2 s, the curves are so close that a single curve can be
used instead. That is, for the structures with periods greater
than 2 s, the effect of the fundamental period of the structure
can be eliminated. This situation is generally true for periods
less than 0.2 s. The reason for this phenomenon can be implied
by examining Figure 5, where the response spectra are very
close to each other for periods less than 0.2 s and greater than
2 s. Moreover, as expected, the return period is increased as ET
analysis time increases.
Considering Figure 7, it can further be recognized that the
effect of the structural period increases as ET analysis time is
increased, i.e. as the seismic intensity is increased. In addition,
for a particular return period, time in ET analysis increases as
the period of the structure increases. Itmeans that, as the period
of the structure is increased, the structure should be subjected
to the ET accelerogram for more time, in order to experience
a shaking equivalent to an earthquake with a specified return
period. This is more obvious when the average method is
applied.
Figure 8 shows the variation of the return period with the
period of the structure for various ET analysis times. As can be
seen, in this figure, the return period is decreased as the period
of the structure is increased. Since the second method yields
smoother curves, it is more appropriate to utilize it.
Figure 9 illustrates the variation of the return periodwith the
structural period and time in ET analysis. In this figure, increases
in the return period, due to increases in the structural period
and ET analysis time, are shown simultaneously. As depicted in
this figure, themaximum return periods are for lower structural
periods and higher times.
It should be noted that the effect of the fundamental period
of the structure on the relation between ET analysis time
and return period is strongly dependent on the type of ETFigure 7: Return period vs. time in ET analysis for different fundamental
periods. (a) T0 method, and (b) VT0 method.
Figure 8: Return period vs. fundamental period for various ET analysis times
(T0 and VT0 methods).
Figure 9: Return period vs. structural period and ET analysis time (average
method).
accelerogram. Ideally, if an ET accelerogram is generated in
such a way that its response spectra at any time are completely
coincident with a specific seismic hazard response spectrum;
afterwards, the effect of the structural period will be dropped.
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The ET accelerogram used in this research has been
produced so that its response spectrum has higher values at
lower periods compared to the response spectrum of seismic
hazard levels (see Figure 10). Thus, for a specific time in ET
analysis, with a particular response spectrum, the correlated
return period for lower structural periods is significantly
greater than for higher structural periods. This is resulted from
Figures 8 and 9.
This issue is of great importance and can play a vital role
in the development of new generations of ET accelerograms.
Producing an accelerogram, in such a way that its response
spectrum for some ET analysis times becomes compatible with
the design response spectra of significant hazard levels at all
periods, will greatly improve application of such accelerograms
to the seismic assessment of structures; which is probably
feasible.
5. Explanatory case study
The methodology introduced in this paper will be explained
by considering a typical 3 story steel moment-resisting frame,
designed according to AISC-ASD building code [14]. This frame
has been intentionally designed as aweak frame by considering
one half of the design base shear recommended by ASCE41
(considering a design spectrum with Ss, Sl, Fa and FV equal
to 0.768, 0.229, 1.093 and 1.57, respectively), and will be
hereafter referred to as the MF3S1. The frame will be studied
by subjecting it to the ‘‘ETA20jn’’ series of ET accelerograms.
The basic properties of this frame are provided in Table 2. As
previously mentioned, the ‘‘ETA20jn’’ of ET accelerograms is
created in such a way that the response spectrum at t = 10 s is
compatible with the ASCE41 [12] design spectrum that roughly
corresponds to a typical site in Tehran, with soil conditions
considered as site class C .
The modeling and nonlinear analysis were performed using
PEER’s OpenSees platform [15]. The ET performance curve of
the frame is obtained and its performance is evaluated by
comparing this curve with the former target curve, which
illustrates the acceptance criteria versus time. The result is
shown in Figure 11. Considering the fundamental period of the
frame, and utilizing the transformation obtained in Section 4 for
return periods versus ET analysis times, the return period has
been substituted for time in Figure 11, and the new target and
performance curves are depicted in Figure 12.
Comparison of the new target and performance curves with
former ones reveals that while they basically show the same
information, the seismic performance of the structures has been
more clearly conveyed in Figure 12, since it has replaced aTable 2: MF3S1 frame basic properties.
Property Value
Number of stories 3
Number of spans 1
Mass participation (mode 1) 84.70%
Period of free vibration (s) 2.075
Design base shear over the weigth 0.0675
Column sections HE140B
Beam sections HE160A
Figure 11: Performance curve for MF3S1 by ET analysis time.
Figure 12: Performance curve for MF3S1 by return period.
redundant time axis with a more relevant return period axis.
The new curves are more understandable and more useful,
since the damage index (here: interstory drift) can be directly
obtained for each return period of interest. For this frame,
the value of interstory drift at low hazard levels is acceptable,
but for hazard levels higher than 200 years, this parameter
is somewhat above the target performance criteria, and one
can say that the frame does not perform well in this area.
In other words, for earthquakes of a return period greater
than 200 years, this design is not acceptable, according to
the considered criteria, although, at a return period of about
500 years, the frame seismic performance is about satisfactory.
In order to explain the versatility of the proposed method-
ology, the application of viscous dampers in order to improve
performance is considered. A viscous damper is placed at the
ground floor and the new frame (referred to as MF3S2, here-
after) is subjected to the same series of ET accelerograms.
To model the viscous damper, viscous material available in
OPENSEES is used. The induced stress in this material is ac-
quired from the following equation:
σ = C0| •ε |αsign(•ε), (10)
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where σ represents the induced stress in the material,
•
ε is
strain rate, C0 is damping ratio, and α is damping exponent.
In MF3S2, C0 equals 100 MPa and α equals 1. The seismic
performance of two frames has been compared by ET response
curves, as shown in Figure 13. As the figure shows, the
frame performance has been improved within a wide range
of seismic intensities, which is regarded as the consequence
of utilizing a viscous damper. The authors believe that this
new presentation of ET analysis results is more suitable for
practical applications by the structural designer. The target
curve represents which drift levels are to be considered as
acceptable by performance criteria. While resultant drifts need
to be compared to allowable ones only at specific pointsmarked
as IO, LS and CP, considering code requirements, a continuous
target performance curve conveys a better image of a desirable
performance objective in general. Also, note that a comparison
of the relative performance of two different designs becomes
much more intuitive using such diagrams.
It should be noted that, in this case, as Figure 12 shows,
the performance curve is obtained up to a return period equal
to about 1100 years, which is less than the return period
of 2475 years normally considered for the CP performance
level. This issue points toward the need to generate new ET
accelerograms with longer duration to cover higher ground
motion intensities. The same ET accelerograms could also
be up-scaled to cover the desired intensity range; however,
the accuracy of the analysis in nonlinear range might be
compromised.
6. Summary and conclusion
The correlation between time as an indicator of intensity in
ET analysis, and the return period as a function of fundamental
structural periods, is investigated. The proposed procedure is
based on the coincidence of response spectra obtained from ET
accelerograms at different times and response spectra, defined
by ASCE41, at different hazard levels. The results reveal that
it is more appropriate to compute the return period related to
each time in ET analysis as an average over a range of structural
periods, rather than computing at the fundamental period of the
structure.
Results of the study suggest the following conclusions:
1. Substitution of the return period for time in the target and
ET performance curves increases the readability of these
curves and can considerably improve the presentation of ET
analysis results in performance-based design.2. The effect of the fundamental period of the structure on
the relation between time in ET analysis and the return
period is strongly dependent on the compatibility of the
ET accelerogram template spectrum with design spectra at
various intensity levels. Ideally, if an ET accelerogram is
generated in such a way that its response spectra coincide
with design seismic hazard response spectra, then the
equivalent return periodwill only become a function of time,
instead of a function of time and fundamental period.
3. Due to the significant difference between the template
spectrum of the ETA20jn series of ET accelerograms and the
developed response spectra, applying the ASCE41 approach
for a typical Tehran site, the correlation between ET analysis
times and the return period becomes strongly dependent
on the fundamental period of the structure. Although, for
periods less than 0.2 s and greater than 2 s, the effect of the
period of the structurewill be decreased, it is noticeable that
this effect increases as time is increased, i.e. as the seismic
intensity is increased.
4. For this series of ET accelerograms, at a particular time,
the return period decreases with an increase in the period
of the structure. Likewise, variation of ET analysis time is
proportional to the period of the structure for a specific
return period. Both these results mean that, as the period of
the structure is increased, the structure should be subjected
to an ET accelerogram for longer duration, in order to
experience shaking equivalent to an earthquake with a
specified return period.
5. Generating an ET accelerogram in such a way that its re-
sponse spectrum for a number of ET analysis times becomes
compatible with the design response spectra of several sig-
nificant hazard levels would improve the applicability of
such accelerograms in seismic assessment of structures.
6. For a wide range of structural periods (periods greater than
0.5 s), the maximum return period that could be covered
was less than 1500 years. Hence, new ET accelerogramswith
longer durations should be generated to cover entire return
periods of interest. The accelerograms with duration of 40 s
seem to be appropriate for this purpose.
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